Imaging and manipulating individual atoms with submicrometer separation can be instrumental for quantum simulation of condensed matter Hamiltonians and quantum computation with neutral atoms. Quantum gas microscope experiments in most cases rely on quite costly solutions. Here we present an open-source design of a microscope objective for atomic strontium consisting solely of off-the-shelf lenses that is diffraction-limited for 461 nm light. A prototype built with a simple stacking design is measured to have a resolution of 0.63(4) µm, which is in agreement with the predicted value. This performance, together with the near diffraction-limited performance for 532 nm light makes this design useful for both quantum gas microscopes and optical tweezer experiments with strontium. Our microscope can easily be adapted to experiments with other atomic species such as erbium, ytterbium, and dysprosium, as well as Rydberg experiments with rubidium.
Introduction
In the past decade, arrays of ultracold atoms have been proven an ideal system for quantum simulation [1] and a promising platform for quantum computation [2, 3] . Imaging and addressing single atoms is essential for progress in this direction and microscopy techniques have been developed for the case of ultracold quantum particles. More specifically, a top-down approach used by quantum gas microscopes (QGM) [4] [5] [6] is the loading of already quantum degenerate gases in site-resolved optical lattices while a bottom-up approach is based on individually filled and controlled optical tweezers [7] [8] [9] [10] [11] . The core necessity for both approaches is the availability of a high resolution objective that can resolve individual atoms at the single trap level.
The requirements on the performance of such an objective are highly demanding, including a long working distance, being corrected for the typically thick viewport of the vacuum chamber, and high resolution for a set of desired wavelengths, which can range from infrared to ultraviolet. Objectives fulfilling these requirements are in most cases not found off-the-shelf. Fortunately, in the study of quantum gases, only a single or a few wavelengths are of interest for atom imaging and manipulation. This is a huge simplification compared to the design of an achromatic objective and makes building an objective in house a cost-efficient possibility. Our objective is designed for detecting strontium on the 1 S 0 ↔ 1 P 1 transition at a wavelength λ = 461 nm and should be suitable without modification for other atomic species with nearby transitions, such as ytterbium (399 nm), erbium (401 nm), and dysprosium (421 nm). Recent openly available designs attempted to exploit this characteristic of atomic systems, but their focus was on wavelengths longer than 550 nm [12, 13] that cannot serve the purpose of imaging atomic strontium.
The alkaline-earth element strontium [14] has two-valence electrons and properties that make it suitable for ultra-precise atomic clocks and quantum simulation [15, 16] . As was exploited in very recent experiments with ultracold strontium in optical tweezers [17] [18] [19] [20] , and will be demonstrated in the next sections, the 461 nm transition can lead to submicrometer resolution for a numerical aperture that is not particularly high. To avoid over-complicating our apparatus our objective has to be placed outside the ultra-high vacuum chamber and thus has to be corrected for the 3.125 mm thick Corning HPFS fused silica viewport. This sets a stringent limitation to proximity of the optics to the atoms and thus a sufficiently large working distance (> 15 mm) is required. Single-site imaging for the great majority of ultracold atom experiments means a resolution that can enable imaging of atoms held by the optical lattice potential created by two counter progagating (usually 1064 nm) beams. Image processing can be used to enhance the resolving power of our microscope to obtain single-site detection [6] . To be able to simulate physics on the lattice, the objective needs to have a large field of view to resolve many lattice sites and preferably to have a resolution high enough for the manipulation and spin preparation of individual atoms using other relevant wavelengths. For strontium atoms, especially the long-lived 1 S 0 ↔ 3 P 0 transition with λ = 698 nm and the 1 S 0 ↔ 3 P 2 transition with λ = 671 nm are interesting for the purpose of state preparation and manipulation [21, 22] . Techniques involving, for example, magnetic field gradients or AC Stark shifts, can permit that even resolutions of around 1 µm are sufficient to already give single-site addressing of atoms [23] . It is also desirable that the depth of field is small enough that adjacent layers end up out of focus and do not distort the measurements.
Here, we report on a high-resolution, in-house manufactured, multilens microscope objective that can be used to image atomic strontium with the design procedure and the precise specifications openly-accessible. Our objective consists of a plastic tube that contains the lenses separated by spacers. The objective is tested by imaging an illuminated test target containing 200 nm diameter pinholes. The resolution of the objective is measured to be 0.63 µm for the primary wavelength of interest (461 nm) and always lower than 1.1 µm for different relevant colors of the illuminating light. The prototype has a diffraction-limited resolution for wavelengths 460 nm to 530 nm. Also, the field of view and depth of field of the objective are explored.
Design of the objective

Optical design
Our design takes [12] as a starting point and pushes the resolution by a factor of 2 compared to that work. The increased resolution is mandatory to reach our goals, even despite the advantage of using a smaller wavelength (461 nm instead of 780 nm), making the same NA result in a higher resolution. Simple readjustments of the lens distances were proven insufficient to reach the desired resolution. Our solution is to introduce an extra optical element for aberration correction.
The optical design of our objective is performed with the software OSLO. We now summarize the guiding principles of our approach. While minimizing on the RMS spot size and wavefront deviations, the distances between the lenses are varied in two steps: First, every position is taken as a free parameter in the fitting process in order to obtain an estimate for good values, which are then used as starting values for the next optimization steps. Then, the distance between any two lenses is varied individually, while compensating by refocusing the objective (i.e. varying the distance between the first lens and the viewport). The resulting configuration is presented in Table 1 and a cross section of the objective is shown in Fig 1. This design is predicted to be diffraction-limited for λ = 461 nm and to have a numerical aperture NA = 0.44. Using the Rayleigh criterion we obtain a resolution of 639 nm [24] .
In addition to the main feature, which is the submicrometer resolution, the depth of field (DOF), the field of view (FOV) and tolerances on the placement of the individual lenses are explored since they are of importance when several layers of atoms separated by less than a micron have to be imaged. The DOF is modeled by translating the objective with respect to the viewport while keeping the target plane fixed and measuring the resolution of the microscope. [25] .
To determine the tolerances on the individual lenses, the relevant parameter (distance, decentering, tilt etc.) for a single lens is adjusted in the model, while the rest of the lenses are kept in their initial configuration. The objective is finally refocused by adjusting the distance between the first lens and the viewport. The main figure of merit is the RMS spot size of the system. We note that the first lens is not included in the tolerance testing process as the blurring due to the displacement of that lens can be corrected by adjusting the objective as a whole.
The design is remarkably robust to axial displacements, as all the lenses can be individually displaced more than 150 µm before the RMS spot size exceeds the diffraction limit. More problematic for the performance is the tilt of lenses, especially lens #4. At tilts larger than 0.03°, aberrations are increased and the performance of the objective drops significantly. This could be compensated by adjusting the tilt of the last lens (#5) accordingly, raising this limit to the much more tolerable value 0.05°. Two tolerances that should not be neglected when using commercial lenses is the center thickness and the decenter of the lenses. All lenses have a thickness tolerance of 100 µm and a decenter tolerance of 3 arcmin [26] [27] [28] . The decenter is modeled as the radial displacement from the optical axis and the maximum allowed value of 3 arcmin is detrimental for the performance, resulting in a RMS spot size exceeding the diffraction limit for almost every lens. If each lens is rotated such that the decenter is pointed in the same direction, the relative decenter decreases and the impact on the performance becomes manageable. This realization guided us to use slits in the objective tube for the adjustment of the lenses after the assembly of the objective, see Sec. 2.2. The numerical checks of the tolerances on the individual lenses are used as requirements for the housing. Monte-Carlo simulations of the correction procedures described here are performed and show that the success rate of our construction could be several ten percent. That meant that a few trials in placing the lenses would be enough to achieve diffraction-limited imaging as was verified empirically after we experimentally characterized our objective.
Mechanical design
The optical design targets dictate the requirements on the mechanical construction of the objective. The axial placement of the lenses can be off without detrimental effects by several tens of #5 #4 #3 #2 #1 Fig. 1 : The stacking design of the objective with modeled rays. Each lens is held in place with high precision spacing rings (orange). The assembly of lenses and spacing rings is fixed inside the tube with a locking ring (red). The first lens is mounted on a separate piece (yellow). The glass plate on the right depicts the viewport. All pieces are made out of PEEK.
micrometers and the lens tilt has to be preferably below 0.02°. The housing material of the objective has to be selected judiciously by taking into account the in-house manufacturing capabilities and requirements beyond lens placement, for example originating from the needs of atomic physics experiments. To prevent eddy currents from flowing when ramping the electromagnetic coils that surround the objective in our setup, the housing has to be made from a material with very low conductivity. At the same time, the stiffness and the low thermal expansion coefficient of the material are important for the robustness of the optical alignment. For the housing of the objective a stacking model is chosen, following the example of [12, 29] but introducing several additional features, see Fig. 1 . The lenses are placed inside an outer tube and are held in place by spacing rings that fit precisely between two adjacent lenses. The edges of the spacing rings are linear under angle to match the curvature of the lenses. The whole assembly is locked inside the outer tube by a threaded locking ring at the end. The first lens has a different diameter and is mounted on a separate piece that also serves as the cap of the outer tube. The additional features are the following: the outer tube is equipped with slits to guide and rotate the lenses for after-assembly adjustment, and six mirrors can be placed in the front piece to back-reflect laser light when aligning the objective to the vacuum chamber viewport. For pulling out the spacing rings, notches have been milled in each of the rings. CAD drawings of the design can be obtained on request. This simple stacking model meets the requirements stated above. The spacing rings can be milled with several tens of micrometer precision. This matches directly the requirement on the axial placement and, given the 50.8 mm diameter of the rings, also matches the set requirement on the tilt of the lenses. The housing for our objective is made out of polyether ether ketone (PEEK), which is insulating and at the same time particularly convenient to machine. PEEK has a tensile modulus of 3.1 GPa to 3.8 GPa and a linear coefficient of thermal expansion of 4.7 × 10 −5 K −1 to 5.5 × 10 −5 K −1 [30] .
Performance characterization
The resolution of the objective is obtained by directly measuring the point spread function (PSF) of the objective where the point source is in our case satisfactorily substituted by a back-illuminated glass plate coated with Cr and Pt-Pd containing 200 nm diameter holes provided by ETH Zürich. Using the Rayleigh criterion, the resolution for a point light source is defined as the distance of the principle maximum of the PSF to the first minimum [24, 31] . For our objective with a predicted resolution of 639 nm the 200 nm diameter holes can be considered point sources. This assumption introduces an underestimation of the resolution by a couple nanometers, which is well below the measurement accuracy. A schematic of the setup used for testing the performance of the objective is shown in Fig. 2 . The positioning of the holes is chosen to be non-periodic to avoid artifacts stemming from the Talbot effect [24, 32] . The objective images the diffraction pattern from the illuminated holes using a f = 500 mm achromatic doublet as field lens. To increase the magnification, f = 40 mm and f = 125 mm achromatic doublets are placed in a telescope configuration. The magnified pattern is imaged using a BlackFly CMOS camera with pixel size 5.6 µm. For ease of alignment, the upper row of elements in Fig. 2 is placed on an optical rail and the target (x, y-direction), objective (z-direction) and field lens (z-direction) are placed on translational stages. In Fig. 3a , the observed pattern from the illuminated nanoholes is shown. The red cross-hairs denote the positions of the centers found using a Laplacian of Gaussian algorithm. We perform a calibration of the image by calculating the ratio between the distance in pixels and the SEM measured distance in µm for each pair of holes. In the case of Fig. 3a , this procedure gives an average calibration of 9.23(6) px/µm over 15 distances. At each of the centers an azimuthal averaging has been performed to obtain a radial profile of the PSF of the objective for that spot, to which a Gaussian fit is made for the resolution, given by I = I 0 exp −r 2 /(2σ 2 ) + a, where I 0 is the peak intensity, σ is the standard deviation of the Gaussian and a is a constant for the read-out noise. The radial profile and fit for one nanohole is presented in Fig. 3b . The resolution of the objective is found as the average of the six fits and the error is defined by the standard The PSF as a function of position along the optical axis is measured by shifting the lens. Fig.  4 shows the normalized radial profile of the objective along this axis. Since for not properly focused spots, the Laplacian of Gaussian algorithm does not return satisfactory results, a single spot is cropped out and a 2D Gaussian fit is used to determine the center of the spot. For z-values far from the focus (<0.8 µm in Fig. 4) , the center of the spot contains too little intensity to be fitted properly and the resulting radial profiles are not a reliable measure. The red squares in Fig. 4 denote the values of the fitted resolution for the radial profile and the red dashed line lies at the diffraction limit of 639 nm. The dashed line denotes the diffraction limit at 639 nm. The objective is diffraction-limited from 1.1 µm to 4.2 µm. This overlaps perfectly with the predicted DOF of 3.1 µm.
The large field-of-view (FOV) is another important feature of our objective since it can permit the imaging and manipulation of thousands of particles. The FOV in our case is measured by translating the target in front of the objective in the x, y-plane. Azimuthally integrated radial profiles for six positions during a translation of ∆y along y are presented in Fig. 5a . To measure a large range, the CCD chip is positioned such that one edge was close to the position of best focus as judged by eye. The chip size then limits the measurement range to ∆y = 126 µm. The resolution of the objective stays at the diffraction limit up to 100 µm displacement, which is smaller than the predicted FOV, but on the same order. The limited size of the CCD chip, together with the subjective placement of the chip by eye, might lead to an underestimation of the measured FOV.
When manipulating trapped strontium atoms for quantum simulation experiments, 671 nm or 698 nm light is often used because it addresses the ultranarrow transitions, which are important for e.g. clocks or the manipulation of nuclear spin states. Using the same setup, the objective is also tested for different wavelengths of illumination light. The resulting normalized radial profiles after refocusing are presented in Fig. 5b for 461 nm, 532 nm, 635 nm and 671 nm light. The measured resolutions are 0.63(4) µm, 0.75(4) µm, 1.09(9) µm and 1.05(4) µm, respectively. The measured resolutions for both 461 nm and 532 nm are close to the diffraction limit within the error margin. The resolution is close to 1 µm for 671 nm light, which shows that this objective is also capable of single-site addressing of strontium.
Conclusion & Outlook
We have presented a design for a microscope objective consisting of commercially available lenses only that is diffraction-limited for 461 nm light. The objective is built using a simple stacking design and is measured to have a resolution of 0.63(4) µm, which is in agreement with the predicted value. This performance, together with the near-diffraction limited performance for 532 nm light makes this design useful for both quantum gas microscopes and optical tweezer experiments with strontium. It also makes this design an interesting candidate for experiments with other atomic species such as erbium (401 nm), ytterbium (399 nm), and dysprosium (421 nm), as well as Rydberg experiments with rubidium (420 nm and 480 nm).
